Abstract: Probes for CNC machine tools, as every measurement device, have accuracy limited by random errors and by systematic errors. Random errors of these probes are described by a parameter called unidirectional repeatability. Manufacturers of probes for CNC machine tools usually specify only this parameter, while parameters describing systematic errors of the probes, such as pre-travel variation or triggering radius variation, are used rarely. Systematic errors of the probes, linked to the differences in pre-travel values for different measurement directions, can be corrected or compensated, but it is not a widely used procedure. In this paper, the share of systematic errors and random errors in total error of exemplary probes are determined. In the case of simple, kinematic probes, systematic errors are much greater than random errors, so compensation would significantly reduce the probing error. Moreover, it shows that in the case of kinematic probes commonly specified unidirectional repeatability is significantly better than 2D performance. However, in the case of more precise strain-gauge probe systematic errors are of the same order as random errors, which means that errors correction or compensation, in this case, would not yield any significant benefits.
Introduction
Touch-trigger probes for CNC machine tools have many applications: not only are they used for workpiece setup and its dimensional control [1] [2] [3] , but they can also be used for determination of machine tools' errors [4] [5] [6] [7] [8] [9] . The most popular probes are simple, kinematic ones, which have significant probing errors [10] [11] [12] . Fortunately, systematic component of these errors can be compensated [12, 13] . It can also be included in the case of analysis and modeling of machine tool [14] [15] [16] .
In this paper, the share of systematic errors of overall probe's errors is investigated for three different simple kinematic probes-two ultra-compact 3D touch-trigger probes and the compact touch-trigger probe. Two of the tested probes were tested in the laboratory, using a dedicated test setup, while another probe was tested on a machine tool, using a ring gauge. Additionally, results for more precise-strain gauge probe-are presented. This probe was tested in laboratory using the dedicated test setup.
Materials and Methods
To determine the relative share of systematic errors in overall errors of the probe itself, without taking into account errors of the machine tool, the moving master artefact method [17] was used. The test setup which is a practical realization of this method is shown in Figure 1 . The tested probe (1) is fixed in the frame (9) . Its stylus (2) tip is placed in the center of the master artefact (3)-an inner hemisphere master artefact or a ring gauge. The ring gauge used for measurements was verified using a Talyrond 365 manufactured by British Taylor Hobson Company. The form deviation RONt not exceed 0.18 µm. The master artefact (3) is fixed to the three-axial piezostage (4) driven by the dedicated controller (5) . Displacements of the master artefact cause triggering of the probe which is detected by the probe's interface receiver (6) . The position of the master artefact and the triggering signal are synchronized thanks to a multi-channel National Instruments USB-6259 BNC DAQ card (7) . After the measurements, a PC (8) determines the best-fitted element for all of the master artefact's positions corresponding to the probe's triggering TG i , where i is the number of tested directions. The distance between the center of the determined element, O S , and the triggering point TG i is the sum of the triggering radius in the given direction r i and the difference of radii of the master artefact and the stylus tip ∆r. (5) . Displacements of the master artefact cause triggering of the probe which is detected by the probe's interface receiver (6) . The position of the master artefact and the triggering signal are synchronized thanks to a multi-channel National Instruments USB-6259 BNC DAQ card (7) . After the measurements, a PC (8) determines the best-fitted element for all of the master artefact's positions corresponding to the probe's triggering TGi, where i is the number of tested directions. The distance between the center of the determined element, OS, and the triggering point TGi is the sum of the triggering radius in the given direction ri and the difference of radii of the master artefact and the stylus tip Δr. Systematic errors of the tested probe are characterized by a triggering radius variation Vr, which is equal to the difference between the maximum and minimum measured triggering radii as follows:
Random errors of the tested probes are characterized by the uni-directional repeatability UDRi, the double standard deviation of the triggering radius values for the given direction (according to a standard test procedure, 10 measurements are performed). If the described setup is used, the expanded uncertainty of the Vr value determination is equal to 0.6 µ m [18] . The setup can be used to determine probe's triggering radius values in 3D or in 2D (a plane perpendicular to the probe's axis). Systematic errors of the tested probe are characterized by a triggering radius variation V r , which is equal to the difference between the maximum and minimum measured triggering radii as follows:
Random errors of the tested probes are characterized by the uni-directional repeatability UDRi, the double standard deviation of the triggering radius values for the given direction (according to a standard test procedure, 10 measurements are performed). If the described setup is used, the expanded uncertainty of the V r value determination is equal to 0.6 µm [18] . The setup can be used to determine probe's triggering radius values in 3D or in 2D (a plane perpendicular to the probe's axis). In this paper, only such 2D characteristics are presented and described: two characteristics of the simple kinematic probes-the ultra-compact touch-trigger with a 50 mm stylus and compact touch-trigger with a 50 mm stylus, both with disabled filtering of the triggering signal-and one characteristic of the precise, strain-gauge probe with a 100 mm stylus. It was decided to turn off the triggering signal filtering in the case of the simple kinematic probes, because the environment in the laboratory was sufficiently quiet to enable testing these probes without a risk of false triggers. Since triggering signal filtering causes a delay between generating triggering signal by the probe's transducer and receiving it by the probe's interface unit, it was assumed that testing of the probes with turned off the triggering signal filtering better shows action of the probe's transducer. However, triggering signal filtering would only add a constant component to the probes' pre-travel-the same in every measurement direction. In case of testing ultra-compact touch-trigger probe on machine tool, which will be described later in the paper, triggering signal filtering was turned on.
Tests of ultra-compact and compact touch-trigger probes were performed with a measurement speed equal to 50 mm/min, while test of strain gauge probe was performed with measurement speed equal to 0.5 mm/s. These tests show the share of systematic errors of overall probes' errors, but do not enable to determine if these errors have a significant influence on accuracy of on-machine measurement (OMM) system which is composed of a probe, its receiver unit and a machine tool. Since machine tools have limited accuracy, it was necessary to confirm that the probe's errors have a significant share in the overall errors of the measurement system-it was considered as possible that in the case of poor machine tool's repeatability (possibly worse than a few micrometers) systematic errors of the probe would blend in with the random errors of the machine tool.
To verify if probes' systematic errors have a significant share in errors of on-machine measurements, a ring gauge was measured on Haas VF8 machine tool using ultra-compact touch-trigger probe equipped with 100 mm stylus. The test was performed with measurement speed equal to 50 mm/min. Measurements were made for 36 directions [16] . For each of the directions the distance between a measured point and a centre of best-fitted circle, determined on the basis of all 36 points, was calculated. Measurement was repeated four more times, which is five repetitions less than in the case of measurements performed in the laboratory.
In order to check if increase of measurement speed would influence the errors of the probe, on-machine measurement of the gauge ring was repeated with a measurement speed equal to 150 mm/min.
Results

Tests in the Laboratory
Results obtained in the laboratory, using the dedicated setup, are presented, respectively, for the ultra-compact touch-trigger probe with a 50 mm stylus in Figure 2 , for compact touch-trigger with a 50 mm stylus in Figure 3 , and for strain gauge probe with 100 mm stylus in Figure 4 . Bold, continuous lines show average r i values, while dashed lines show average values plus/minus double standard deviation intervals.
The form analysis of 2D characteristics represented in Figures 2 and 3 allows claiming that the third harmonic dominate. As expected, the characteristic of the examined probe is clearly three-lobed shape, which is caused by the construction of the kinematic transducer used in the probe. The angular position of the biggest errors is correlated with tripod structure of touch-trigger sensor of the probe.
For the ultra-compact touch-trigger probe, V r = 5.4 µm, maximum double standard deviation value for a single measurement direction is 2.9 µm and average double standard deviation value is 0.7 µm. For the compact touch-trigger probe, V r = 13.6 µm, maximum double standard deviation value for a single measurement direction is 1.4 µm and average double standard deviation value is 0.5 µm. It means that for both of these probes systematic errors are greater than the random ones-for the compact touch-trigger probe it is about 10 times larger. In the case of ultra-compact touch-trigger probe, the most significant random errors are in one corner of the three-lobed triggering radius characteristic. In other directions they are significantly smaller. It means that tests in the laboratory clearly showed that in case of simple, kinematic probes, probes' systematic errors are much larger than random ones.
In case of precise strain gauge probe V r = 1.3 µm, maximum double standard deviation value for a single measurement direction is 1.3 µm and average double standard deviation value is 0.7 µm. It means that in case of precise, strain gauge, probes random errors can be of the same order as systematic errors. radius characteristic. In other directions they are significantly smaller. It means that tests in the laboratory clearly showed that in case of simple, kinematic probes, probes' systematic errors are much larger than random ones.
In case of precise strain gauge probe Vr = 1.3 µm, maximum double standard deviation value for a single measurement direction is 1.3 µm and average double standard deviation value is 0.7 µm. It means that in case of precise, strain gauge, probes random errors can be of the same order as systematic errors. 
Tests on the Machine Tool
To verify if errors of the probe itself are a significant share in OMM system errors, a 52 mm gauge ring was measured on the machine tool using ultra-compact touch-trigger probe with 100 mm stylus. 36 equally distributed points were measured and a best-fitted circle was determined using a least squares method. Then the values of ΔRi-differences between:
• the measured radial distance in a given point, for a given direction i; and • the radius of the best-fitted circle were calculated. Obtained results for measurement speed equal to 50 mm/min, averaged for all five measurement repetitions are shown in Figure 5 , as well as the plus/minus double standard deviation interval. The three-lobed shape of the characteristic, typical for three-point kinematic probes, is clearly visible for the on-machine measurements.
After averaging the ΔRi values, the difference between maximum and minimum value (corresponding to the PFTU,2D parameter, as per ISO 230-10:2011 [19] , except for that this parameter is determined on the basis of a single measurement) is 20.5 µm. The maximum value of a double standard deviation is equal to 4.7 µm and average value of double standard deviation is equal to 1.4 µm. It means that, regardless of the additional error components related to the machine tool's repeatability and kinematic errors, systematic errors of the probe still has the most significant influence on the overall measurement error. However, results may vary for other machine tool.
Results obtained for the same probe, the same machine tool and the same gauge ring, but for measurement speed increased to 150 mm/min, are shown in Figure 6 . In this case, the difference between maximum and minimum value of averaged for five repetitions ΔRi is 20.2 µm, the maximum value of a double standard deviation is equal to 5.2 µm, and the average value of double standard deviation is equal to 1.9 µm. This means that the increase of the of the measurement speed has no or negligible influence on the OMM system's systematic errors, but can increase its random errors. However, even for measurement speed increased three times, random errors of the tested OMM system were still a few times smaller than its systematic errors. 
To verify if errors of the probe itself are a significant share in OMM system errors, a 52 mm gauge ring was measured on the machine tool using ultra-compact touch-trigger probe with 100 mm stylus. 36 equally distributed points were measured and a best-fitted circle was determined using a least squares method. Then the values of ∆R i -differences between:
After averaging the ∆R i values, the difference between maximum and minimum value (corresponding to the P FTU,2D parameter, as per ISO 230-10:2011 [19] , except for that this parameter is determined on the basis of a single measurement) is 20.5 µm. The maximum value of a double standard deviation is equal to 4.7 µm and average value of double standard deviation is equal to 1.4 µm. It means that, regardless of the additional error components related to the machine tool's repeatability and kinematic errors, systematic errors of the probe still has the most significant influence on the overall measurement error. However, results may vary for other machine tool.
Results obtained for the same probe, the same machine tool and the same gauge ring, but for measurement speed increased to 150 mm/min, are shown in Figure 6 . In this case, the difference between maximum and minimum value of averaged for five repetitions ∆R i is 20.2 µm, the maximum value of a double standard deviation is equal to 5.2 µm, and the average value of double standard deviation is equal to 1.9 µm. This means that the increase of the of the measurement speed has no or negligible influence on the OMM system's systematic errors, but can increase its random errors. However, even for measurement speed increased three times, random errors of the tested OMM system were still a few times smaller than its systematic errors. 
Discussion
The obtained values of triggering radius variation, maximum double standard deviation of triggering radius and average double standard deviation of triggering radius for tested probes are shown in Figure 7 . For neither of the probes average standard deviation value is greater than 2 µm, while for all of the kinematic probes triggering radius variation/systematic component of the probing error is greater than 5 µm.
The large value of triggering radius variation obtained for the probe tested on the machine results from the use of a long stylus, not from machine tool's errors. If it resulted from errors of the machine, the triggering radius characteristics shown in Figures 5 and 6 would not be three-lobed, while both of them have this shape typical for three-point kinematic probes. Moreover, this shape does not change with the increase of the measurement speed. 
Conclusions
The results show that:
• in the case of three-point (touch-trigger) kinematic probes, systematic errors are greater than random errors. Even in the on-machine measurement, when machine tool's errors are present, the largest part of the probing errors can be the one resulting from the probe's systematic errors. It means that numeric correction or compensation of kinematic probes' systematic errors can significantly reduce errors of on-machine measurements. However, to apply this solution, systematic errors of the probe have to be known-mapped or modelled.
• in the case of the precise, strain gauge probe, systematic errors are not significantly greater than random errors. Thus, probe correction or compensation of systematic errors would not give significant benefit.
•
The unidirectional repeatability value, usually provided by the probes' manufacturers, is not sufficient to estimate the accuracy of the probe. For the kinematic probes tested in the laboratory, the one with the largest random errors still has systematic errors at least twice as large.
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